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Abstract 
The heat transfer performance of a ground heat exchanger (GHE) is the key factor in practical operation of a ground source heat 
pump (GSHP) system. Based on calculation and analysis thermal resistance of vertical GHE, this paper have analyzed main 
factors, which influence the heat transfer performance of ground heat exchangers’ (GHEs) under different conditions. Combining 
practical engineering application, approaches of reducing the thermal resistance and enhancing heat transfer of GHE are proposed. 
For improving heat transfer efficiency and reducing unnecessary heat waste, a new ground heat exchanger with three inlet pipes 
and one outlet pipe (“3-in&1-out”) is introduced. And according to the results of theoretical calculation and analysis, it is 
revealed that the heat transfer resistances of the GHE with “3-in&1-out” pipes under variable conditions are always less than that 
of GHEs with either single U-pipe or double U-pipe. Thus the performance of the GHE with “3-in&1-out” pipes is worthy of 
further analysis. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ISHVACCOBEE 2015. 
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1. Introduction 
Ground heat exchanger (GHE) is the major heat transfer equipment of ground source heat pump (GSHP) 
systems. Moreover, its heat transfer performance is the key factor which influences operation performance of the 
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whole GSHP systems. Currently, two common buried pipes ways of GHE include horizontal and vertical [1]. Since 
horizontal pipes are shallow buried, the heat transfer performance of which is not as good as the vertical one, and it 
also has some disadvantages like large space occupation and the pipes are easily broken [2]. Therefore, in actual 
GSHP practical projects, vertical GHEs are widely used in recently GSHP projects, and the types of pipes include 
single U shapes, double U shapes, W shapes, helical shapes etc. Besides, the single U shapes and double U shapes 
are used in common [2]. 
At present, great number of researches on GHEs of GSHP systems have been done, and mainly focus on the 
following aspects. (1) The theoretical research on heat transfer GHEs. (2) The research about GHE in enhancing 
heat transfer basic theory. (3) The research about GHE of designing methods. (4) The research on coupling heat 
transfer and operation performance optimization of GHE and GSHP, etc [3~12]. The research methods mainly 
include theoretical analysis, experimental measurement analysis, and computer numerical simulation [13~15]. 
This paper discusses the approaches and methods which can reduce the thermal resistance and enhance heat 
transfer of GHE, through calculating and analyzing about the thermal resistance of vertical GHE, aimed at designing 
a superior new type of GHE. 
2. Methods 
2.1. Theoretical analysis about thermal resistance of underground rock-soil heat exchanger 
In practical projects heat transfer analysis could be divided into two parts between vertical buried pipes in single 
borehole and ground: 1) The heat transfer inside the borehole; 2) The heat transfer between borehole wall and 
external rock-soil. 
In order to simply analyze the thermal resistance inside the borehole, many assumptions are made: 1˅Surface 
temperature fluctuation and the influence of borehole depth on the temperature of rock-soil are ignored, and initial 
temperature of rock-soil along borehole depth is uniform. 2˅The composition and physical parameters of the rock-
soil in the same depth are constant and uniform, and don’t varied with the temperature of rock-soil. 3˅Thermal 
contact resistances at between both pipe/grout and grout/soil are ignored. 4˅Heat-moisture transfer through rock-
soil and groundwater advection are negligible. 5˅The velocity of water is the same along the length direction of the 
borehole. 6˅The outlet pipes are covered by thermal insulators, the walls are considered as insulators, and the 
influence of outlet pipes on temperature field is ignored. 
Thermal resistances inside the borehole consist of these aspects: the convective heat transfer thermal resistance in 
borehole Rf, the thermal resistance of pipe wall Rpe, and the thermal resistance of backfill materials Rb. According to 
theoretical analysis, thermal resistances inside the borehole in underground heat exchanger of single U-pipe and 
double U-pipe can be expressed in Eq. (1) and Eq. (2) respectively. 
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Where di is the inner diameter. h is the connective heat transfer coefficient between heat-transfer medium and 
internal pipe wall. λb, λs and λp are the thermal conductivities of backfilling material, rock-soil and pipe wall, 
respectively. rb, r0 and ri are the ratio of borehole, external buried pipe and internal buried pipe, respectively. And D 
is the distance between branch pipe center and borehole center. 
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Thermal resistances outside the borehole of the vertical GHE consist of these aspects: soil thermal resistance Rs 
and additional thermal resistance caused by short term continuous pulse load Rsp. They are expressed in Eq. (4) and 
Eq. (5) respectively. 
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Where a  is the rock-soil thermal diffusivity, τ is the operation time, τp is the continuous operation time of short 
term pulse load, and I is the formula of exponential integral. 
Every thermal resistance and its percentage in total are calculated, where heat exchangers of single U-pipe 
operate in summer and are used for buildings with different functions. 25 mm diameter PE pipes as single U-pipe 
GHE are applied, the water velocity is 0.6m/s inside pipe, the borehole diameter is 110mm, the average thermal 
conductivity of rock-soil and backfill material are 2.0 W/(m K) and 2.2 W/(m K) respectively, the thermal 
diffusivity of rock-soil is 1.1×10-6m2/s. Besides, the operation time duration of GHE are 1d, 15d, 30d, 60d and 90d. 
The operation time percentages of office building, business building and hotel are separately 0.375, 0.542 and 1.  
  
Fig. 1. In office building the thermal resistance of single U-pipe GHE and its percentage in total. (a) Thermal resistances; (b) Percentages in total 
thermal resistance. 
  
Fig. 2. In business building the thermal resistance of single U-pipe GHE and its percentage in total. (a) Thermal resistances; (b) Percentages in 
total thermal resistance. 
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Fig. 3. In hotel the thermal resistance of single U-pipe GHE and its percentage in total. (a) Thermal resistances; (b) Percentages in total thermal 
resistance. 
As shown on Fig. 1 to Fig. 3, it is clear that the thermal resistance inside the borehole has the greatest proportion 
in the office building, then the business building, and the hotel with the least proportion. In addition, thermal 
resistance of backfill materials has the greatest proportion (about 58%), and pipe wall has 39% of thermal resistance, 
while the convective heat transfer thermal resistance in pipes has the least proportion (about 3%). 
With the increase of operation time, the proportions of thermal resistance inside the borehole tend to decrease, 
since the proportions of thermal resistance inside the borehole decrease from 58.68% to 48.48% in office building, 
from 51.35% to 39.29% in business building, and from 51.35% to 39.29% in hotel respectively. Meanwhile, the 
proportions of thermal resistance outside the borehole increase gradually, since the proportions of thermal resistance 
outside the borehole decrease from 41.32% to 51.52% in office building, from 48.64% to 60.71% in business 
building, and from 58.48% to 70.28% in hotel respectively. 
It’s worth noting that, for building with any kinds of load characteristics, though the thermal resistance outside 
the borehole occupies a large proportion in total, and its proportion tends to increase with the increase of operation 
days. However the thermal resistance outside the bore-hole is difficult to control in the practical projects, since it 
depends on the factors like physical properties of underground rock-soil, load characteristics and running time. The 
thermal resistance inside the borehole also occupies a large proportion in total, and the resistance is invariant with 
time. What’s more, the thermal resistance could be controlled and improved with some technical measures in 
practical projects. Therefore, the breakthrough is reducing thermal resistance inside the borehole, mainly analyzing 
its technical measures. 
2.2. Heat transfer enhancement inside the borehole of GHE 
According to preceding analysis, the convective heat transfer thermal resistance has a small proportion (only 3%) 
in thermal resistance inside the borehole, while the thermal resistances of pipe wall and backfill materials have very 
large proportion (about 97%). Therefore, for heat transfer enhancement inside the borehole, the paper mainly discuss 
that, reducing the thermal resistances of pipe wall , backfill materials impact on the thermal resistance inside the 
borehole of GHE and the effect about enhancing the performance of heat exchanger. 
In order to reduce the thermal resistances of pipe-wall and backfill materials, and enhance heat transfer inside the 
borehole of GHE. Following methods could be carried out: 1˅improving thermal conductivity of pipe wall, 2˅
improving thermal conductivity of backfill materials, 3) increasing heat exchanger’s area. 
According to above the theoretical calculation method of thermal resistance inside the borehole within GHE. 
Taking single U-pipe GHE as benchmark, comparatively analysis the influence of single factor that is thermal 
resistance inside the borehole. Basic parameters of single U-pipe GHE are as follows. The borehole diameter is 
130mm, the rock-soil heat conduction coefficient is 2.0 W/(m K), external diameter of heat transfer pipe is 25mm, 
internal diameter of heat transfer pipe is 20.4mm, thermal conductivity of pipe wall is 0.450 W/(m K), thermal 
conductivity of backfill materials is 2.20 W/(m K), thermal resistance inside the borehole is 0.186401 (m K)/W. 
The results of thermal resistances inside the borehole are shown on Table1 to Table 3, when the thermal 
23 Yong Liu et al. /  Procedia Engineering  121 ( 2015 )  19 – 26 
conductivity of pipe wall and backfill materials and the heat transfer pipe diameter increased 20% respectively. 
Table 1.The Contrast of thermal resistances inside the borehole with conductivity of pipe-wall raised 20%. 
External diameter 
of pipe(mm) 
Internal diameter 
of pipe(mm) 
Water velocity 
(m s-1) 
Thermal 
conductivity of pipe 
wall (W m-1 K-1) 
Thermal conductivity of 
backfill materials (W m-1 
K-1) 
Thermal resistance inside 
the borehole (m K W-1) 
25 20.4 0.6 0.450 2.20 0.186401 
25 20.4 0.6 0.516 2.20 0.174408 
Table 2.The Contrast of thermal resistances inside the borehole with conductivity of backfill materials raised 20%. 
External 
diameter of 
pipe(mm) 
Internal 
diameter of 
pipe(mm) 
Water velocity (m 
s-1) 
Thermal 
conductivity of pipe 
wall (W m-1 K-1) 
Thermal conductivity of 
backfill materials (W m-1 K-1) 
Thermal resistance inside 
the borehole (m K W-1) 
25 20.4 0.6 0.450 2.20 0.186401 
25 20.4 0.6 0.450 2.64 0.170294 
Table 3.The Contrast of thermal resistances inside the borehole with the heat transfer pipe diameters raised 20%. 
External diameter 
of pipe(mm) 
Internal diameter 
of pipe(mm) 
Water velocity 
(m s-1) 
Thermal 
conductivity of 
pipe wall (W m-1 K-
1) 
Thermal conductivity of 
backfill materials (W m-1 K-1) 
Thermal resistance 
inside the borehole (m 
K W-1) 
25 20.4 0.6 0.450 2.20 0.186401 
30 25.4 0.6 0.450 2.20 0.107328 
 
The above calculation results show that: 1˅Increasing the thermal conductivity of heat transfer pipe and backfill 
materials don’t have obvious effect on reduce thermal resistance inside the borehole of GHE either. 2˅Increasing 
the heat transfer area (Increasing the heat transfer pipe diameter) has an obviously effect on reducing thermal 
resistance inside the borehole of GHE (almost 42.4%). Consequently, increasing the heat transfer pipe area 
can effectively reduce thermal resistance inside the borehole of GHE. 
Currently, the vertical GHE which used in engineering was restrained by technical conditions, for its 
contradiction in improving effective heat transfer capacity and reducing deadweight heating loss is not fixed 
properly. For this reason, a new type “3-in&1-out” GHE is proposed. By increasing effective heat transfer area of 
water inlet pipe in heat exchanger, reducing heat transfer area of water outlet pipe and covering thermal insulators 
on water outlet pipe and so on, heat transfer performance of GHE in GSHP can be improved. 
2.3. New type GHE 
The structure form of new type GHE is shown on Fig.4 
 
 
1, horizontal intake pipe 
2, rectangular cross 
3, water inlet pipe 
4, cylindrical connection 
5, water outlet pipe (insulation) 
6, water outlet horizontal pipe 
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Fig. 4. The structure of the “3-in&1-out” GHE. 
Put the factors that heat transfer performance of buried pipes and pipeline resistance into consideration, the new 
type “3-in&1-out” GHE with 25mm diameter PE pipes as inlet and 32mm diameter PE pipe as outlet are applied. 
In order to analyze the heat transfer performance of this new GHE, in specific conditions, the thermal resistances 
inside the borehole of single U shape, double U shape and the “3-in&1-out” GHEs can be calculated, analysed and 
contrasted. Calculating conditions: the water velocity inlet pipe is o.8 m/s, 130mm borehole diameter is applied, the 
vertical difference should be considered in physical properties parameter of rock-soil (take an example in a place of 
physical properties of underground rock-soil. The thermal conductivity is 1.40 W/(m K) and the thermal diffusivity 
is 0.69×10-6 m2/s at a depth of 0̚4.3m. The thermal conductivity is 2.10 W/(m K)and the thermal diffusivity is 
1.03×10-6 m2/s at a depth of 4.3̚85.6m. The thermal conductivity is 2.20 W/(m K) and the thermal diffusivity is 
1.07×10-6 m2/s at a depth of 85.6̚100.0m.) Moreover, thermal conductivity of backfill materials is 2.3 W/(m K). 
Both the diameter inlet pipes and outlet pipes are 25mm, except diameter of outlet pipe within “3-in&1-out” GHE is 
32mm. The time durations of GHE are 1d, 5d, 15d, 30d, 60d and 90d. The operation time percentages of office 
building, business building and hotel are separately 0.375, 0.542 and 1.  
Based on thermal resistance of single U-pipe GHE, it will be calculated at each running time segment, that the 
percentage of “3-in&1-out” and double U-pipe GHE in thermal resistance of single U-pipe GHE. The results are 
shown in Table 4 to Table 6. 
Table 4. The contrast of thermal resistances of different GHEs in office building [(m K)/W]. 
The types of 
GHE Operation  1day Operation  5day 
Operation  15 
days 
Operation 1 
month 
Operation 2 
months 
Operation 3 
months 
3-in&1-out pipes 
0.1794 0.2022 0.2070 0.2141 0.2213 0.2255 
59.16% 62.03% 62.57% 63.36% 64.12% 64.55% 
Double U-pipe 
0.2165 0.2394 0.2441 0.2513 0.2584 0.2626 
71.41% 73.42% 73.80% 74.35% 74.88% 75.18% 
Single U-pipe 
0.3032 0.3260 0.3308 0.3379 0.3451 0.3493 
100% 100% 100% 100% 100% 100% 
Table 5. The contrast of thermal resistances of different GHEs in business building [(m K)/W]. 
The types of 
GHE Operation  1day Operation  5day 
Operation  15 
days 
Operation 1 
month 
Operation 2 
months 
Operation 3 
months 
3-in&1-out pipes 
0.1794 0.2124 0.2352 0.2497 0.2641 0.2726 
59.16% 63.17% 65.52% 66.85% 68.08% 68.76% 
Double U-pipe 
0.2165 0.2495 0.2724 0.2868 0.3012 0.3097 
71.41% 74.22% 75.86% 76.79% 77.66% 78.13% 
Single U-pipe 
0.3032 0.3362 0.3590 0.3735 0.3879 0.3964 
100% 100% 100% 100% 100% 100% 
Table 6. The contrast of thermal resistances of different GHEs in hotel [(m K)/W]. 
The types of 
GHE Operation 1 day Operation 5 day Operation 15 days 
Operation 1 
month 
Operation 2 
months 
Operation 3 
months 
3-in&1-out pipes 
0.1794 0.2403 0.2824 0.3091 0.3357 0.3513 
59.16% 66.00% 69.52% 71.40% 73.06% 73.94% 
Double U-pipe 
0.2165 0.2775 0.3196 0.3462 0.3728 0.3884 
71.41% 76.20% 78.66% 79.98% 81.14% 81.76% 
Single U-pipe 0.3032 0.3641 0.4062 0.4329 0.4595 0.4751 
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100% 100% 100% 100% 100% 100% 
 
1) With the operation days enhancing, the thermal resistances of all three types GHEs increase, and the increment 
about thermal resistance is equal to the increment of thermal resistance outside the borehole with time goes. 
For the duration of operation in hotel is the longest and it has the greatest thermal resistance outside the 
borehole influenced on, the hotel increment of GHE thermal resistance is more than the others. In the buildings 
with the same load characteristics, three types GHEs have the same increments of thermal resistance. Due to 
the same physical properties of underground rock-soil and load characteristics. 
2) In different operation days, the percentages of “3-in&1-out” and double U-pipe GHEs in thermal resistance of 
single U-pipe are 59.16%̚64.55% and 71.41%̚78.13% respectively in office building. Meanwhile, the 
percentages of “3-in&1-out” and double U-pipe GHEs in thermal resistance of single U-pipe are 59.16%̚
68.76% and 71.41%̚78.13% respectively in business building. Besides, the percentages of “3-in&1-out” and 
double U GHEs in thermal resistance of single U-pipe are 59.16%̚ 73.94% and 71.41%̚ 81.76% 
respectively in hotel. In view of this, no matter any using conditions of buildings, the thermal resistance of “3-
in&1-out” GHE is the least, while its advantage is different (in office building, contrasted with single U and 
double U GHEs, the “3-in&1-out” GHE reduces the most thermal resistance). 
In conclusion, the heat transfer performance of “3-in&1-out” is better than the double U-pipe and single U-pipe 
heat exchangers’ after analysis, especially it works at short intermittent time. 
3. Conclusion 
Based on the theoretical calculations and analyses of the thermal resistance of ground heat exchanger (GHE), for 
comparison of various conditions, this paper has analyzed the main factors which impact on the thermal resistance 
of GHE. Meanwhile, with the combinations of practical engineering applications, the ways of reducing the thermal 
resistance and enhancing heat transfer of GHE are discussed. And we’ve drawn some conclusions.  
According to analysis of heat transfer in GHE of ground source heat pump (GSHP), the thermal resistance inside 
the borehole occupies a large proportion in total thermal resistance, it is an efficient way to improve the heat transfer 
performance of GHE by reducing thermal resistance inside the borehole. Besides, in the thermal resistance inside the 
borehole of GHE, the thermal resistances of pipe wall and backfill materials have a large proportion (using single U 
heat exchanger as an example, the percentages of thermal resistances of backfill materials and pipe wall in total 
thermal resistance is 58% and 39% respectively. However, the convective heat transfer thermal resistance only 
accounts for 3% of the total thermal resistance) 
The heat exchange pipes area raised 20%, leading to the thermal resistance inside the borehole reduce about 
42.4%. That is, increasing per unit length of the heat transfer pipe area could reduce thermal resistance inside the 
borehole of GHE obviously. 
Based on the method of improving effective heat transfer capacity and reducing unnecessary heat waste, a new 
type “3-in&1-out” GHE is proposed. Through calculating and analyzing, contrasted with the single U exchanger and 
double U exchanger, the “3-in&1-out” GHE has lower thermal resistance with different heat load conditions. Thus 
the heat transfer performance of “three-in, one-out” is better than the double U-pipe and single U-pipe heat 
exchangers’. It’s worth to analyze deeply and optimize. 
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